Abstract This study was designed to test whether obese adults and adults with metabolic syndrome (MetSyn) exhibit altered hyperemic responses to hypoxia at rest and during forearm exercise when compared with lean controls. We hypothesized blood flow responses due to hypoxia would be lower in young obese subjects (n = 11, 24 ± 2 years, BMI 36 ± 2 kg m -2 ) and subjects with MetSyn (n = 8, 29 ± 3 years BMI 39 ± 2 kg m -2 ) when compared with lean adults (n = 13, 29 ± 2 years, BMI 24 ± 1 kg m -2 ). We measured forearm blood flow (FBF, Doppler Ultrasound) and arterial oxygen saturation (pulse oximetry) during rest and steady-state dynamic forearm exercise (20 contractions/min at 8 and 12 kg) under two conditions: normoxia (0.21 F i O 2 , *98% S a O 2 ) and hypoxia (*0.10 F i O 2 , 80% S a O 2 ). Forearm vascular conductance (FVC) was calculated as FBF/mean arterial blood pressure. At rest, the percent change in FVC with hypoxia was greater in adults with MetSyn when compared with lean controls (p = 0.02); obese and lean adult responses were not statistically different. Exercise increased FVC from resting levels in all groups (p \ 0.05). Hypoxia caused an additional increase in FVC (p \ 0.05) that was not different between groups; responses to hypoxia were heterogeneous within and between groups. Reporting FVC responses as absolute or percent changes led to similar conclusions. These results suggest adults with MetSyn exhibit enhanced hypoxic vasodilation at rest. However, hypoxic responses during exercise in obese adults and adults with MetSyn were not statistically different when compared with lean adults. Individual hypoxic vasodilatory responses were variable, suggesting diversity in vascular control.
Introduction
Systemic hypoxia leads to a reduction in arterial oxygen content (Koskolou et al. 1997; Roach et al. 1999) . This reduction in the arterial partial pressure of oxygen has been shown to elicit carotid chemoreceptor-mediated increases in sympathetic nerve activity and resultant vasoconstriction (Saito et al. 1988; Stickland et al. 2009 ). In order to preserve oxygen delivery under hypoxic conditions, an increase in oxygen extraction and/or compensatory peripheral vasodilation occurs (Roach et al. 1999; Koskolou et al. 1997; Calbet et al. 2003) . The result is a balance Communicated by Keith Phillip George. of vasodilatory mediators with global autonomic vasoconstrictor outflow that ultimately determines blood flow (Rowell and Blackmon 1986; Stickland et al. 2009; Dinenno et al. 2003) . In healthy lean adults, this results in net hypoxic vasodilation (Wilkins et al. 2006; Wilkins et al. 2008; Casey et al. 2010) .
In the face of global rises in human obesity, the impact of obesity on vascular responses to environmental stressors is an important area of research. As a result of hypoxia, skeletal muscle resistance arteries from obese rats (obese Zucker rat) consistently exhibit impaired vasodilation (Frisbee 2001; Goodwill et al. 2008 ). This dysfunction may be the result of enhanced vasoconstriction (Frisbee 2004) and/or altered vasodilatory mechanisms (Frisbee 2003; Goodwill et al. 2008 ). However, this animal model of obesity is confounded by dyslipidemia, hyperglycemia, and hypertension-a clustering of cardiovascular disease risk factors more appropriately termed metabolic syndrome (MetSyn) (Cornier et al. 2008; Frisbee and Stepp 2001; Grundy et al. 2004 ).
Obesity-related disorders shown to increase the risk of developing cardiovascular disease (such as obstructive sleep apnea and Type 2 diabetes) appear to complicate the acute vascular response to systemic hypoxia in humans.
Previous research suggests such conditions may lead to reduced (Di Vanna et al. 2007; Remsburg et al. 1999) , preserved (Moradkhan et al. 2010) , or increased (Weisbrod et al. 2004 ) forearm vasodilation in response to acute hypoxia at rest. Given the above disease-states are often confounded by obesity, it is interesting that no studies have assessed the effect of obesity alone on hypoxia-mediated vasodilation. It may be that differences between findings are due solely to differing control groups-including lean (Di Vanna et al. 2007; Remsburg et al. 1999 ) and overweight adults (Weisbrod et al. 2004; Moradkhan et al. 2010) .
Previous research suggests forearm vasodilation at rest and during normoxic exercise is maintained with human obesity (Limberg et al. 2010a ). However, the addition of a hypoxic stimulus provides an enhanced metabolic signal relative to exercise alone that challenges oxygen delivery (Wilkins et al. 2006; DeLorey et al. 2004 ) and alters sympathetic tone (Seals et al. 1991) . In response to these combined environmental stressors, an imbalance between vasodilatory and vasoconstrictor mechanisms may manifest.
With this information, we designed an experiment to test the hypothesis that changes in resting and exercise-induced blood flow due to hypoxia would be reduced in young obese adults when compared with young lean controls. Given the presence of additional cardiovascular disease risk factors, we hypothesized adults with MetSyn would exhibit further impairments in blood flow responses to hypoxia.
Methods

Subjects
Three groups of young adults (lean, obese, and MetSyn; 18-43 years) participated in the present study to avoid any confounding effects of aging (Casey et al. 2011) . All subjects completed a screening process in which physical activity and personal health history were assessed. All subjects were generally healthy non-smokers, were not taking any cardiovascular medications, and were free from overt cardiovascular disease and known sleep apnea, as determined by self-report. All subjects led a sedentary lifestyle and did not participate in regular aerobic exercise (current aerobic exercise was \90 min week -1 women/\40 mg dL -1 men) (Grundy et al. 2004 ). Female subjects were not pregnant and were studied during the early follicular phase (days 1-5) of the menstrual cycle to avoid any confounding effects of changes in female hormone levels (Owen 1975; Charkoudian 2001; Williams et al. 2001) . Oral contraception was allowed (Lean n = 3, Obese n = 3) and women on contraception were studied during the placebo phase. Subjects were instructed to refrain from exercise, NSAIDS, alcohol, and caffeine for 24 h prior to the study day. Written informed consent was obtained from all subjects. All procedures were approved by the Institutional Review Board at the University of Wisconsin-Madison and conformed to the standards set by the Declaration of Helsinki.
Measurements
Weight and height measurements were obtained, and body mass index was calculated (BMI, kg m -2 ). A waist circumference was collected and used for confirmation of central obesity. Plasma levels of HDL, triglycerides, and glucose were measured using venous blood collected after an overnight fast. Forearm volume was determined using water displacement.
Electronic sphygmomanometer (Datex-Ohmeda; Helsinki, Finland) on the upper arm (dominant, resting limb) at rest and during steady-state exercise was used as a primary measure of blood pressure. In addition, beat-to-beat changes in blood pressure were measured using finger photoplethysmography (Finapres; Netherlands) to confirm responses to exercise and/or hypoxia. Heart rate was monitored continuously by a three-lead ECG (DatexOhmeda; Helsinki, Finland).
Blood flow
Forearm blood flow (FBF; artery diameter, blood velocity) was measured using Doppler ultrasound (Vivid 7, General Electric; Milwaukee, WI). A 12-MHz linear array probe was placed approximately midway between the antecubital and axillary regions, medial to the biceps brachii muscle with a probe insonation angle\60°and the sample volume adjusted to cover the width of the artery using identical methods as described previously (Limberg et al. 2010a, b) . The ultrasound probe operator continuously adjusted the probe position to maintain a fixed insonation angle, compensating for subjects' movements during exercise.
Forearm exercise model
Each subject was supine with the non-dominant arm extended to the side (approximately 90°) at heart level. Dynamic and rhythmic, non-dominant forearm exercise required subjects to squeeze and release two handles together 4-5 cm to raise and lower a weight over a pulley at a rate of 20 times/min (1 s contraction: 2 s relaxation) (Limberg et al. 2010a, b; Schrage et al. 2004; Wilkins et al. 2006) . Forearm exercise was completed at absolute workloads (8 and 12 kg) that corresponded with approximately 20 and 30% of forearm maximal voluntary contraction (MVC). MVC of the non-dominant arm was determined as the average of the two highest measurements from five consistent trials using a hand dynamometer (LaFayette Instruments; LaFayette, IN, USA). Given maximal workloads have been shown to be reduced under hypoxic conditions, exercise at absolute intensities was chosen as an appropriate method to analyze hemodynamic responses to hypoxia (Richardson et al. 1999 ). In addition, exercise at absolute intensities has been shown to require the same absolute oxygen consumption (Donato et al. 2006 ) and typical activities of daily living are done at absolute workloads (i.e. household chores, etc.).
Hypoxic exercise model
Subjects completed exercise under two conditions: normoxia (0.21 F i O 2 , *98% S a O 2 ) and hypoxia (*0.10 F i O 2 , 80% S a O 2 ). Subjects were instrumented with a nose clip and mouthpiece. Subjects breathed through a low-resistance two-way non-rebreathing valve (model 2400, Hans Rudolph) for both normoxic and hypoxic trials. This system allowed for maintenance of constant dead space ventilation independent of study condition.
During normoxic trials, subjects breathed room air. During hypoxic trials, the level of inspired oxygen was titrated to achieve an arterial oxygen saturation of 80% as assessed by pulse oximetry on the dominant hand (DatexOhmeda; Helsinki, Finland) and head (Nellcor, N-595; Pleaston, CA, USA). Two separate gas tanks [(9% O 2 ? 91% N 2 ]; [5% CO 2 ? 21% O 2 ? 74% N 2 )] were mixed using a blender (air-oxygen mixer, Puritan-Bennett; Los Angeles, CA, USA) in attempt to maintain normoxic CO 2 levels (*5.5%, isocapnic hypoxia) while achieving desired S a O 2 (80%). Data were transferred to and analyzed on a metabolic cart (Medgraphics, Ultima PFX; St. Paul, MN, USA).
Venous blood gasses
A 5-cm, 20-gauge venous catheter was inserted into the antecubital vein in the non-dominant, exercising arm with the subject supine. The catheter was continuously flushed with saline at 1 mL min -1 and was used to take blood samples throughout the study. Samples (2-4 mL) of venous blood were drawn anaerobically in heparinized syringes over 10-20 s at rest and after 3 min of exercise. All samples were placed on ice and were analyzed within 2 h of collection. Samples were collected and analyzed in duplicate and used for measurements of venous PO 2 (P v O 2 ), PCO 2 (P v CO 2 ), and pH with a blood-gas analyzer calibrated with tonometered blood (ABL500, Radiometer). All results were temperature-corrected.
Study protocol
A total of four trials (8 and 12 kg exercise during normoxia and hypoxia) were randomized between subjects with a 10-min normoxic rest period after each trial. Within each trial, steady-state ventilation at the desired S a O 2 was maintained for an average of 4 min prior to the collection of quiet resting measures. After quiet rest, subjects completed 3.5 min of dynamic exercise.
Data acquisition and analysis
Forearm blood flow
Blood flow was determined as the product of mean blood velocity (cm s -1 ) and brachial artery cross sectional area (p radius 2 with radius measured in cm) and was reported in ml min -1 . Artery diameters were obtained from video images taken at rest and 3 min of exercise. Except during intermittent artery diameter measurements, arterial blood velocity was continuously assessed throughout rest and Eur J Appl Physiol (2012) 112:699-709 701 each exercise workload; diameter measurements typically resulted in loss of pulse wave signal for 15 s. Pulse-wave velocity was measured beat-to-beat and analyzed as an average of the last 30 s of rest and steady-state exercise to reduce contraction-to-contraction-induced variability in blood flow (Limberg et al. 2010a, b) . To determine vessel cross sectional area, artery diameter was taken as the median of five measurements in late diastole, at rest and during steady-state exercise (between muscle contractions). Arterial diameter was measured on B-mode images in a longitudinal section of the artery running perpendicular to the ultrasound beam and was identified by strong wall signals (measuring the distance between proximal and distal wall intima-media interface). All measurements were made off-line by a well-trained operator (Limberg et al. 2010a, b) .
A commercial interface unit (Multigon Industries, Yonkers, NY, USA) processed the angle-corrected, intensity-weighted Doppler audio information from the GE Vivid ultrasound system into a flow velocity signal that was sampled in real time with signal-processing software (PowerLab, ADinstruments, Colorado Springs, CO, USA). All hemodynamic data were digitized, stored on a computer at 400 Hz, and analyzed off-line using PowerLab; post-processing using PowerLab's Chart application package yielded mean blood velocities.
Ventilation
Inspiratory and expiratory flow rates, as well as inspired and expired gases were sampled at the mouth (MedGraphics, Ultima PFX; St. Paul, MN, USA). All signals were displayed on a chart recorder (MedGraphics Breeze Suite; St. Paul, MN, USA) and sampled at 75 Hz. Data were analyzed as an average of the last 30 s of rest and steady-state exercise in a subset of participants (Lean n = 9, Obese n = 9, MetSyn n = 6) due to data storage issues.
Data analysis and statistics
All resting measures are reported as an average of two trials during a given condition (normoxia, hypoxia). Given higher blood pressures in adults with MetSyn, blood flow measurements were normalized for mean arterial blood pressure and are reported as vascular conductance (FVC; mL min -1 100 mmHg -1 ). At rest, FVC responses to hypoxia were analyzed as a percent change from normoxic levels to account for individual variability (Remsburg et al. 1999; Moradkhan et al. 2010) . During exercise, the main dependent variable was a change in FVC due to hypoxia. To account for altered baseline FVC with hypoxia, the change due to hypoxia was calculated by subtracting resting FVC during normoxia from FVC values obtained during steady-state hypoxic exercise (Casey et al. 2010; Wilkins et al. 2008 ). The primary analysis tested whether the change in FVC due to hypoxia was lower in obese adults and adults with metabolic syndrome when compared with results from lean controls at rest and during exercise. Additionally, to assess vascular responsiveness to hypoxia, the slopes of the relationship between FVC and arterial oxygen saturation were determined (Remsburg et al. 1999; Reichmuth et al. 2009 ).
Statistical analysis was done using SAS (Version 9.2). Subject characteristics were compared via unpaired Student's t test. Hemodynamic variables were analyzed using a proc-mixed repeated measures approach to determine the significance of the fixed effect of group (Lean, Obese, MetSyn), gas (Normoxia, Hypoxia), and/or exercise intensity (Rest, 8 kg, 12 kg) on parameters of interest. Bonferroni post hoc comparisons were performed when significant effects were observed. All data are presented as mean ± standard error, and significance was determined a priori at p \ 0.05.
Results
Subject characteristics
Eight adults with MetSyn, eleven obese and thirteen lean adults completed the study (84% White non-Hispanic, 13% White Hispanic, 3% African American). Subject characteristics are summarized in Table 1 . There were no significant differences between groups in regard to age (p [ 0.05). Glucose, triglycerides, and HDL were not significantly different between lean and obese adults (p [ 0.05). Subjects in the obese and MetSyn groups were clinically obese, displaying significantly higher weight, body mass index (BMI), and waist circumference (p \ 0.05) when compared to lean adults. Obese and MetSyn subjects also had greater forearm volume (p \ 0.05). Adults with MetSyn exhibited greater fasting glucose, greater triglycerides, and lower HDL when compared with lean and obese adults (p \ 0.05).
Systemic responses
Results are summarized in Table 2 . Blood pressure was greater in adults with MetSyn when compared with lean controls (p \ 0.05) and values increased with exercise in all groups (p \ 0.05). In response to hypoxia, increases in heart rate (*15 beat/min, p \ 0.05) were not different between groups. Oxygen saturation and end-tidal carbon dioxide levels both decreased with hypoxia (p \ 0.05) and were not significantly different between groups. Minute ventilation increased with hypoxia in all groups (p \ 0.05) although absolute values were greater in adults with MetSyn when compared with both lean and obese adults (p \ 0.05).
Blood flow responses to exercise
Mean blood flow and vascular conductance responses to rest and dynamic exercise under normoxic/hypoxic conditions are summarized in Table 3 . There was a main effect of exercise intensity on FVC. Steady-state FVC at rest and during exercise was greater in obese adults and adults with MetSyn when compared to lean controls (p \ 0.05). Reporting results as FBF provided comparable results (Table 3 ). This increase may be due to larger forearm sizes, given when data were expressed relative to forearm volume, group responses were not significantly different (data not shown).
Blood flow responses to hypoxia
The changes due to hypoxia in resting (percent change) and exercise (absolute change from normoxic rest) FVC are presented in figure form (Figs. 1, 2, 3) . At rest, adults with MetSyn exhibited enhanced hypoxic dilation when compared with lean controls (Lean vs. MetSyn p = 0.02); responses between obese and lean adults were not significantly different (Lean vs. Obese = 0.07) (Fig. 1) . During exercise, a hypoxia-mediated vasodilatory response was observed that was not group-specific (p \ 0.05, main effect of hypoxia; Fig. 2 ). Taken together, these findings are contrary to our hypothesis. It is important to note analyzing the effect of hypoxia on FVC between groups as absolute values (Table 3 , p = 0.47; interaction of group 9 gas), change from normoxic rest (Fig. 2 , p = 0.47; interaction of group 9 gas), percent change from normoxic steady-state (data not shown, p = 0.20), and the slope of the relationship between FVC and arterial oxygen saturation (Fig. 3 , p = 0.09) provided similar conclusions during exercise.
Venous blood gasses
Results are summarized in Table 4 . The partial pressure of oxygen in venous blood during hypoxic exercise decreased compared with normoxic trials (*6 Torr, p \ 0.05). The partial pressure of carbon dioxide in venous blood decreased (*3 Torr) and venous pH increased (*0.03 units) with hypoxia. These responses were not significantly different between groups. There was a main effect of exercise on P v O 2 , P v CO 2 , and venous pH that was not group-specific.
Discussion
The current study tested the hypothesis that hypoxiamediated changes in blood flow at rest and during forearm exercise would be reduced in obese adults and adults with MetSyn. Novel findings from this study indicate that hypoxia-mediated vasodilation is (1) enhanced in adults with MetSyn at rest and (2) preserved in young obese adults and adults with MetSyn during moderate-intensity forearm exercise when compared with lean controls. This is the first reported study to assess vascular responses to hypoxia at rest and during forearm exercise in healthy obese adults and adults with MetSyn. Given the majority of cardiovascular disease-states are confounded by obesity and aging, the inclusion of young lean and obese subjects in addition to a study group at increased risk of developing cardiovascular disease (i.e. MetSyn) are important strengths of the current study. In this way, we were able to assess whether obesity alone has a significant effect on normal hypoxic-vasodilation, or rather when it presents with other cardiovascular disease risk factors.
Normoxic vasodilation
Animal models of obesity, likely a more appropriate model of MetSyn, are known to exhibit reduced nitric oxide bioavailability (Frisbee and Stepp 2001) , heightened sympathetic vasoconstrictor tone Frisbee 2004) , elevated levels of vasoconstrictor thromboxane (Goodwill et al. 2008) , and elevated mediators of inflammation and oxidative stress Xiang et al. 2008) . Each of these factors alone may contribute to impaired functional vasodilation with normoxic Triglyceride (mg/dL) 104 ± 16 96 ± 12 230 ± 40* HDL (mg/dL) 63 ± 5 5 8± 6 3 8± 7* Blood pressure (mmHg) 92 ± 1 9 2± 2 101 ± 2* Lean n = 13, Obese n = 11, MetSyn n = 8 unless otherwise noted. Data are presented as Mean ± SE BMI body mass index, FAV forearm volume, MVC maximal voluntary contraction * p \ 0.05 versus lean; p \ 0.05 versus obese. Waist (lean n = 12, obese n = 10, MetSyn n = 7), Glucose (obese n = 10) Eur J Appl Physiol (2012) 112:699-709 703 exercise. In contrast, results from the current study show steady-state hyperemia during normoxic forearm exercise is not blunted. These findings confirm those shown previously by our lab in young obese humans (Limberg et al. 2010a ) and extend these results to MetSyn. Thus, any impairment(s) in vascular function shown to exist in other models of obesity and MetSyn at rest are not seen when total blood flow to the human forearm is assessed during moderate-intensity exercise. This interesting finding may the result of impaired flow distribution, altered metabolic need, or an increased reliance on compensatory vascular control mechanisms in these human populations.
Hypoxic vasodilation at rest
Homeostatic perturbations-such as hypoxia-provide a physiological stressor that could potentially unmask compensatory mechanisms. Along these lines, isolated vessels MetSyn 97 ± 0.6 97 ± 0.4 97 ± 0.5 79 ± 0.6 80 ± 0.5 81 ± 1.5
Ventilation (BTPS) (L/min)
à Lean (n = 9) 10.1 ± 0.4 10.4 ± 0.8 11.6 ± 0.9 16.4 ± 3.4 18.2 ± 3.9 17.0 ± 3.9
Obese (n = 9) 10.8 ± 0.6 11.4 ± 0.6 12.4 ± 0.9 13.1 ± 1.0 14.9 ± 1.2 15.8 ± 1.4
MetSyn (n = 6)* , 13.4 ± 0.8 14.7 ± 0.8 15.2 ± 0.8 16.6 ± 1.1 18.1 ± 1.4 18.9 ± 1.2
Tidal volume (L)
Lean (n = 9) 0.8 ± 0.1 0.9 ± 0.1 0.8 ± 0.1
MetSyn (n = 6) 0.9 ± 0.2 0.9 ± 0.1 0.8 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 1.0 ± 0.1
Breathing frequency (br/min) Lean (n = 9) 15.9 ± 1.5 14.8 ± 2.1 15.4 ± 1.5 17.1 ± 1.7 19.1 ± 2.0 17.9 ± 1.9
Obese (n = 9) 15.2 ± 1.3 17.7 ± 1.4 17.6 ± 1.2 15.5 ± 1.4 17.3 ± 1.3 15.4 ± 1.4
MetSyn (n = 6) 17.8 ± 2.3 19.1 ± 2.2 20.1 ± 1.6 15.2 ± 1.6 18.1 ± 1.6 20.2 ± 1.8
End-tidal CO 2 (%)
Lean n = 13, Obese n = 11, MetSyn n = 8 unless otherwise noted. Data are presented as Mean ± SE Main effect of group: * p \ 0.05 versus lean, p \ 0.05 versus obese Main effect of exercise: a p \ 0.05 versus rest, b p \ 0.05 versus 8 kg à Main effect of hypoxia from obese rats (obese Zucker rat) are known to rely on alternate vascular control mechanisms that, under conditions of hypoxia, lead to impaired vessel dilation (Frisbee 2001; Goodwill et al. 2008) . In contrast to animal research, human adults with MetSyn in the current study exhibited enhanced hypoxic-vasodilatory responses when compared with lean controls at rest (Fig. 1) .
Previous research suggests obesity-related disorders may lead to reduced (Di Vanna et al. 2007; Remsburg et al. 1999) , preserved (Moradkhan et al. 2010) , or increased (Weisbrod et al. 2004 ) forearm vasodilation in response to acute hypoxia at rest. Using overweight controls, Moradkhan et al. (2010) concluded hypoxic dilation was maintained in adults with sleep apnea. In contrast, Weisbrod et al. (2004) reported greater hypoxia-mediated vasodilation in Type 2 diabetics when compared with lean controls. In this context, the current study confirms previous findings, unifies conflicting literature, and extends results to adults with MetSyn. Central to the current study design, results are presented from pertinent control groups for proper comparisons; as a result, it appears obese adults and adults with MetSyn exhibit similar hypoxic dilation, with greater hypoxiamediated vasodilation in adults with MetSyn when compared with lean controls at rest.
Adults with MetSyn are known to exhibit heightened sympathetic nerve activity that is well correlated with combined obesity and hypertension (Lambert et al. 2007) . Although contrary to our hypothesis, enhanced hypoxic vasodilation at rest (Fig. 1) may be achieved by offsetting greater sympathetic constriction with metabolic dilation. It is also possible that adults with MetSyn exhibit a blunted sympathetic vasoconstrictor response to hypoxia at rest. Consistent with this concept, healthy older adults are known to exhibit heightened sympathetic nerve activity combined with blunted adrenergic responsiveness to sympathetic activation at rest (Dinenno et al. 2001 (Dinenno et al. , 2002 (Dinenno et al. , 2006 . If this is the case in MetSyn, blunted adrenergic responsiveness may explain the increase in conductance at rest; however, future studies will be necessary to elucidate potential mechanisms.
Combined effect of exercise and hypoxia
The lack of statistical significance between group responses to hypoxia during exercise may be due, at least in part, to inter-individual variability. Figure 3 displays the markedly heterogeneous FVC responses to hypoxia in the current study. In a recent editorial, Charkoudian (2010) emphasized the variability in responses may be key to understanding integrative function. In support of this idea, obese patients with obstructive sleep apnea (OSA) have been shown to exhibit inter-individual variability in hyperemic responses to hypoxia (Remsburg et al. 1999 (Remsburg et al. , 2009 ). Remsburg, et al. (1999) observed two distinct patterns of response in the patient group-one-half of adults behaved similarly to controls by reducing resistance to flow with hypoxia, whereas the remaining patients increased resistance. These vasodilatory responses were unable to be explained by differences in weight, BMI, age, or hypertension when analyzed post hoc (Remsburg et al. 1999) . Similarly, post hoc comparisons on current data failed to disclose differences in age, waist circumference, MVC, glucose, or triglyceride levels on vasodilatory responses across workloads (data not shown).
Given the variability in the hypoxic exercise responses, it appears there is no uniform pattern for hypoxia-mediated vasodilation within or between groups, despite strictly controlled exercise and hypoxic conditions. Whereas our design did not directly test the roles of sympathetic constriction versus metabolic dilation, we speculate these differential hypoxic responses depict the presence and balance of various redundant vascular control mechanisms (Frisbee 2004) . For example, healthy older adults were recently shown to maintain hypoxic vasodilation during low-intensity forearm exercise while at the same time exhibiting blunted nitric oxide signaling; this impairment went on to negatively impact hypoxic-vasodilation at a higher workload (Casey et al. 2011) . Future studies in obesity and MetSyn are necessary to elucidate the presence and importance of redundancy in vascular control and the role individual differences play during hypoxic exercise.
Experimental considerations and limitations
This study is novel in that no studies have reported vasodilatory responses to hypoxia in obesity alone or combined with cardiovascular disease risk factors (i.e. MetSyn) in young adult humans. In the context of the current study design, results are independent of potentially complicated and confounding interactions between aging and cardiovascular disease risk. In addition, this is the first study to assess responses to a more severe hypoxic-stimulus (80% S a O 2 ) and higher exercise intensity (12 kg, *30% MVC). However, some study limitations are worth noting.
It is important to acknowledge that obese adults and adults with MetSyn exhibit greater FVC compared with lean controls independent of hypoxia (Table 3) . This difference may be due, in part, to the larger forearm size in these groups (Table 1 ; p \ 0.01 Lean vs. Obese, p \ 0.01 Lean vs. MetSyn). Although forearm composition was not measured in the current study, the difference in size is likely due to an increase in adipose tissue rather than skin or lean mass (Blaak et al. 1994) . The overall contribution of adipose tissue to total forearm blood flow is relatively small (Blaak et al. 1994 ) and hypoxia-induced blood flow responses have been shown to be confined to the working muscle (Heinonen et al. 2010 ). In addition, analyzing hypoxia data as absolute or relative (to forearm volume) changes provides similar conclusions. Thus, differences in forearm size do not appear to impact hypoxic responses in obesity and MetSyn.
Given the invasive nature of collecting arterial blood gasses, such measures were not included in the current study design. This limitation does not allow for the assessment of forearm oxygen consumption. We made the assumption that absolute workloads correlate to similar oxygen consumption between groups (Donato et al. 2006 ). However, this is an important hypothesis that needs to be tested in future obesity studies. It may be that higher arterial blood flows in obese and MetSyn adults are necessary to maintain normal oxygen consumption or correlate to higher absolute metabolic need.
Sympathetic nerve activity was not directly measured in the current study. Given increases in heart rate were not significantly different between groups in response to hypoxia and exercise (Table 2) , we speculate a similar change in autonomic nerve activity occurred between groups. Research suggests changes in plasma catecholamines in response to a hypoxic stimulus are similar in obesity-related disease states when compared with healthy controls (Weisbrod et al. 2004) . Along these lines, it is unlikely altered carotid chemoreceptor sensitivity has an impact on current findings, as research suggests responsiveness to hypoxic stimuli is maintained with obesity when sympathetic nerve activity is assessed (Narkiewicz et al. 1999) . Thus, it is unlikely altered sympathetic nerve activity could explain our results.
By mixing separate gas tanks, we attempted to maintain levels of carbon dioxide between trials (isocapnic hypoxia); however, a potential limitation of the present study is the slightly lower (0.5-0.7%) end-tidal carbon dioxide (CO 2 ) levels that occurred during hypoxic trials. Nevertheless, differences in CO 2 levels were not physiologically significant nor were responses significantly different between groups (Table 2) . Therefore, we feel this is a minor limitation and these differences do not impact our conclusions regarding hypoxic vasodilation in obesity or MetSyn.
Conclusions
Contrary to our hypothesis, adults with MetSyn appear to exhibit enhanced vasodilatory responses to hypoxia at rest. Additionally, our results demonstrate young obese adults and adults with MetSyn exhibit preserved hypoxia-mediated vasodilation during moderate-intensity forearm exercise when compared with lean controls. Interestingly, there appears to be large individual heterogeneity in vascular responses to hypoxia. Future studies are necessary to elucidate the presence and importance of redundant vascular control mechanisms and the role individual differences play in blood flow control during hypoxic exercise in human obesity and MetSyn.
